Introduction
============

In the past decade, many preclinical studies have demonstrated the therapeutic potential of stem cells in the treatment of cardiac diseases^[@bib1],[@bib2],[@bib3]^. Some phase 1 clinical trials have reported that infusion of Kit^+^ stem cells in patients with ischemic cardiomyopathy improves left ventricular systolic function and reduces infarct size after myocardial infarction (MI)^[@bib4],[@bib5]^, providing a promising hope for future applications of cardiac stem cells (CSCs) in the clinics. In spite of the therapeutic efficacy, the mechanisms of actions, especially the cellular sources for adult heart regeneration, remain controversial^[@bib6]^.

Recently, it has been reported that myocardial injection of lentivirus expressing Cre recombinase driven by Kit promoter into the Rosa26-YFP reporter mice could trace the cell fate of Kit^+^ cells in the injured heart. The authors interpreted that about 8% cardiomyocytes were derived from resident Kit^+^ cardiac stem cells^[@bib7]^. The lineage tracing data from the Cre viral injection experiments were interpreted with an assumption that Kit/Cre is not expressed by cardiomyocytes, so lineage labeling of cardiomyocytes was explained as differentiation from Kit^+^ CSCs. However, it remains debatable whether the regulatory elements used for this Kit promoter are specific for restricting Cre recombinase expression in endogenous Kit-expressing cells^[@bib8]^. Moreover, the significant contribution of Kit^+^ cells to cardiomyocytes was challenged by a recent non-invasive genetic lineage tracing study using the *Kit-MerCreMer* and constitutive *Kit-Cre* mouse lines, which showed that Kit^+^ cells contributed to \< 0.03% cardiomyocytes^[@bib9]^. In addition, a large portion of labeled cardiomyocytes were derived by fusion of Kit^+^ cells and pre-existing cardiomyocytes^[@bib9]^, which reduced the percentage of cardiomyocytes differentiated from Kit^+^ CSCs to even a smaller number. Such a significant discrepancy in the percentage of Kit-derived cardiomyocytes in the adult heart between these studies^[@bib7],[@bib9]^ has sparked debate about the methodologies applied in tracing the cell fate of the Kit^+^ stem cells^[@bib10],[@bib11],[@bib12]^.

Here, we independently address this issue using a newly generated *Kit-CreER* mouse line for inducible lineage tracing. Our instant lineage tracing approach identifies Kit-expressing cardiomyocytes that are labeled during tamoxifen treatment. In combination with long-term lineage tracing experiments, we conclude that the large majority of long-term labeled cardiomyocytes in MI hearts are derived from pre-existing Kit-expressing cardiomyocytes rather than formed *de novo* from CSCs. This study provides a new interpretation for the lineage tracing results of Kit^+^ cells in the heart, which suggests that Kit genetic lineage tracing over-estimates the cardiogenic activity of Kit^+^ CSCs.

Results
=======

Kit^+^ cells contribute minimally to cardiomyocytes during homeostasis
----------------------------------------------------------------------

We first crossed *Kit-CreER* line with *Rosa26-RFP* reporter line to generate the *Kit-CreER;Rosa26-RFP* mouse line, and performed tamoxifen administration as previously described^[@bib13]^. Cre-LoxP recombination-mediated genetic lineage tracing is permanent and irreversible, so any descendants of labeled Kit^+^ cells are tagged with the lineage marker RFP ([Figure 1A](#fig1){ref-type="fig"}). Four weeks after tamoxifen treatment, we collected hearts from *Kit-CreER;Rosa26-RFP* mice for analysis ([Figure 1B](#fig1){ref-type="fig"}). Whole mount fluorescence image showed expression of the lineage marker RFP in some cells of the hearts treated with tamoxifen, and sporadic RFP^+^ cardiomyocytes were found ([Figure 1C](#fig1){ref-type="fig"}). In the hearts of control mice that received no tamoxifen, we detected negligible fluorescence signals ([Figure 1C](#fig1){ref-type="fig"}). To verify the cell identity of these RFP^+^ cells, we performed immunostaining on serial sections of the hearts of *Kit-CreER;Rosa26-RFP* mice. Immunostaining for the lineage marker RFP, cardiomyocyte marker TNNI3 and endothelial cell marker PECAM on heart sections showed that the *Kit-CreER*-labeled cells were TNNI3^+^ cardiomyocytes or PECAM^+^ endothelial cells ([Figure 1D](#fig1){ref-type="fig"}-[1F](#fig1){ref-type="fig"}). We have also examined confocal optical sections of the heart and confirmed that these RFP^+^ cells were cardiomyocytes or endothelial cells ([Figure 1G](#fig1){ref-type="fig"} and [1H](#fig1){ref-type="fig"}). Immunostaining for an alternative cardiomyocyte marker Desmin and endothelial cell marker VE-cadherin (VE-CAD) in heart sections also showed that Kit^+^ cells contributed to cardiomyocytes and endothelial cells ([Supplementary information, Figure S1](#sup1){ref-type="supplementary-material"}). We noticed that the majority of RFP^+^ cells adopted an endothelial cell fate in the adult heart during homeostasis (95.13% ± 2.49% of RFP^+^ cells were RFP^+^PECAM^+^; *n* = 4). Additionally, we obtained dissociated cardiac cells from *Kit-CreER;Rosa26-RFP* hearts and detected the individual RFP^+^ cardiomyocyte *in vitro* ([Figure 1I](#fig1){ref-type="fig"}). In the heart sections of *Kit-CreER;Rosa26-RFP* mice that received no tamoxifen, we did not detect any RFP^+^ cardiomyocytes ([Supplementary information, Figure S2](#sup1){ref-type="supplementary-material"}).

To quantify the percentage of RFP^+^ cardiomyocytes, we performed flow cytometric analysis on the dissociated cardiomyocytes from digested hearts^[@bib14]^. The dissociated cells were highly enriched for cardiomyocytes ([Supplementary information, Figure S3A](#sup1){ref-type="supplementary-material"}). We then adopted a cardiomyocyte-specific gating strategy to analyze the percentage of RFP^+^ population among all cardiomyocytes ([Supplementary information, Figure S3B](#sup1){ref-type="supplementary-material"} and [S3C](#sup1){ref-type="supplementary-material"}). Our flow cytometric analysis showed that 0.035% ± 0.00088% cardiomyocytes were RFP^+^ in adult hearts during homeostasis ([Figure 1J](#fig1){ref-type="fig"}). In control hearts that received no tamoxifen, 0.0019% ± 0.00016% cardiomyocytes were RFP^+^ ([Figure 1J](#fig1){ref-type="fig"}). This extremely low percentage of RFP^+^ cells in the control hearts was more likely to be the background autofluorescence, as we did not observe a distinct RFP^+^ population and the "RFP^+^" events were distributed next to the gate border ([Figure 1J](#fig1){ref-type="fig"}). In addition, we did not observe any RFP^+^ cardiomyocytes in heart sections from *Kit-CreER;Rosa26-RFP* mice that received no tamoxifen ([Supplementary information, Figure S2](#sup1){ref-type="supplementary-material"}). Together, our results demonstrate that Kit^+^ cells contribute minimally to cardiomyocytes in the adult heart during homeostasis.

Kit^+^ cells contribute minimally to cardiomyocytes after injury
----------------------------------------------------------------

We next tested whether Kit^+^ cells give rise to more cardiomyocytes after MI. We adopted a similar tamoxifen induction strategy as above, and ligated the left anterior descending (LAD) coronary artery to induce MI at 1 week after tamoxifen treatment. We analyzed the MI hearts 4 weeks later ([Figure 2A](#fig2){ref-type="fig"}). Whole mount fluorescence view of *Kit-CreER;Rosa26-RFP* hearts showed an increase in the proportion of RFP^+^ cells in the infarcted region, compared to that of the sham-operated hearts ([Figure 2B](#fig2){ref-type="fig"}). Immunostaining of RFP, TNNI3 and PECAM on sections of sham-operated and MI hearts of the tamoxifen-treated mice identified RFP^+^TNNI3^+^ cardiomyocytes and RFP^+^PECAM^+^ endothelial cells in both the sham-operated ([Figure 2C](#fig2){ref-type="fig"}) and the infarct and border zone of MI hearts ([Figure 2D](#fig2){ref-type="fig"} and [2E](#fig2){ref-type="fig"}). Similar to hearts under homeostasis, we noticed that the majority of RFP^+^ cells adopted an endothelial cell fate in the injured heart, and our quantification showed a significant increase in the number of labeled endothelial cells after injury (29.13 ± 2.94 vs 46.69 ± 4.62 cells per field before and after injury, respectively; *n* = 4 for each group). By examining the remote zone of MI hearts, we also detected RFP^+^TNNI3^+^ cardiomyocytes and RFP^+^PECAM^+^ or RFP^+^VE-CAD^+^ endothelial cells ([Supplementary information, Figure S4](#sup1){ref-type="supplementary-material"}). 0.039% ± 0.011% of the cardiomyocytes dissociated from the MI hearts were RFP^+^. Moreover, quantification by flow cytometric analysis of the dissociated cardiomyocytes showed that 0.034% ± 0.0015% cardiomyocytes were RFP^+^ in the MI hearts ([Figure 2G](#fig2){ref-type="fig"}). Our results reveal that Kit^+^ cells contribute minimally to cardiomyocytes after heart injury, which is in consistent with the quantification result demonstrated by a recent report^[@bib9]^.

MI does not promote an increase in Kit^+^ cardiomyocytes after injury
---------------------------------------------------------------------

To compare the percentage of Kit^+^ cells contributing to cardiomyocytes before and after LAD coronary artery ligation, we quantified the percentage of labeled cardiomyocytes by flow cytometry ([Figure 3A](#fig3){ref-type="fig"}). We did not find a higher percentage of RFP^+^ cardiomyocytes in the MI hearts compared with that of the sham-operated hearts ([Figure 3B](#fig3){ref-type="fig"}), suggesting that MI does not promote an increased number of Kit-derived cardiomyocytes. Nevertheless, MI increased the number of RFP^+^PECAM^+^ endothelial cells as shown above. In addition, we noticed more RFP^+^CD11b^+^ macrophages and RFP^+^FSP1^+^ fibroblasts in the infarcted regions of injured heart, compared with that of the sham-operated hearts ([Supplementary information, Figure S5](#sup1){ref-type="supplementary-material"}). There was also no significant increase in the percentage of RFP^+^ cardiomyocytes 5 weeks after tamoxifen induction in both the sham-operated and MI hearts compared with that at 1 week after tamoxifen induction ([Figure 3B](#fig3){ref-type="fig"}), suggesting no significant increase in the differentiation of Kit^+^ cells into cardiomyocytes during the 4-week tracing period. This surprising result prompted us to investigate the identity of *Kit-CreER*-labeled cells before injury. To achieve this, we performed short-term lineage tracing experiments by collecting *Kit-CreER;Rosa26-RFP* hearts 1 week after tamoxifen induction (before operation group). We could readily detect RFP^+^ cardiomyocytes by whole mount fluorescence microscopy ([Figure 3C](#fig3){ref-type="fig"}). Immunostaining for RFP, TNNI3 and PECAM on heart sections showed the presence of RFP^+^TNNI3^+^ cardiomyocytes in addition to RFP^+^PECAM^+^ endothelial cells ([Figure 3D](#fig3){ref-type="fig"}). Examination of the dissociated cardiac cells confirmed the identity of RFP^+^ cardiomyocytes ([Figure 3E](#fig3){ref-type="fig"}). Collectively, our results suggest that most RFP^+^ cardiomyocytes, if not all, were genetically labeled within the first week after tamoxifen treatment. In another words, there would be a negligible amount of Kit^+^ cells differentiating into cardiomyocytes in the next 4 weeks after sham or MI operation.

Instant lineage tracing strategy identifies Kit-expressing cardiomyocytes
-------------------------------------------------------------------------

Our short-term lineage tracing experiments in the before operation group suggest a possibility that most RFP^+^ cardiomyocytes in the lineage tracing experiments are likely pre-existing cardiomyocytes rather than derived from Kit^+^ CSCs through lineage conversion. To test this hypothesis, we performed instant-chase experiments, in which hearts were collected within the first 48 h after tamoxifen treatment. We used bone marrow (BM) cells to test the labeling efficiency and specificity by instant labeling ([Supplementary information, Figure S6](#sup1){ref-type="supplementary-material"}). We found that \> 50% Kit^+^ cells were RFP^+^ (efficiency) and \> 90% RFP^+^ cells were Kit^+^ (specificity). With this instant-chase strategy, we observed RFP^+^TNNI3^+^ cardiomyocytes in *Kit-CreER;Rosa26-RFP* hearts ([Figure 4A](#fig4){ref-type="fig"}). From tamoxifen gavage to RFP signal detection, a series of biological processes are required, which include at least four steps: tamoxifen absorption, CreER translocation into the nucleus, Cre-mediated DNA recombination, RFP transcription and translation to certain level that allows detection by fluorescence microscopy. The remaining time for the presumed labeled Kit^+^ CSCs to differentiate into cardiomyocytes, if any, is very limited in this scenario. Therefore, the detection of RFP^+^ cardiomyocytes within such a short time window is unlikely due to the differentiation of Kit^+^ CSCs into cardiomyocytes through lineage conversion. To further examine whether *Kit-CreER* labels Kit-expressing cardiomyocytes during lineage tracing, we collected *Kit-CreER;Rosa26-RFP* hearts within the first 24 h after tamoxifen treatment. With this instant-chase strategy, we repeatedly observed RFP^+^TNNI3^+^ cardiomyocytes in mouse hearts ([Figure 4B](#fig4){ref-type="fig"}). To avoid artifacts due to weaker RFP signals in instant tracing study compared to the long-term lineage tracing experiments, we examined the dissociated cardiac cells and found RFP^+^ cardiomyocytes among them ([Figure 4C](#fig4){ref-type="fig"}). Quantification of the number of *Kit-CreER*-labeled cardiomyocytes by immunostaining showed that instant-chase strategy (24-48 h) identified 58% of labeled cardiomyocytes in the MI hearts ([Figure 4D](#fig4){ref-type="fig"}). Quantification of the number of *Kit-CreER*-labeled cardiomyocytes by flow cytometric analysis showed that instant-chase strategy (48 h) identified 71% of the labeled cardiomyocytes in the MI hearts ([Figure 4E](#fig4){ref-type="fig"}). If Kit^+^ CSCs differentiate into new cardiomyocytes after tamoxifen treatment (e.g., 5 weeks later), it is unlikely that 58%-71% of the cardiomyocytes are differentiated from the Kit^+^ CSCs within the first 48 h. Our instant lineage tracing experiments, therefore, identify a pre-existing population of Kit-expressing cardiomyocytes in the adult heart, which may account for the large majority of labeled cardiomyocytes during lineage tracing.

Existence of Kit-expressing cardiomyocytes in adult hearts
----------------------------------------------------------

To directly visualize the Kit-expressing cardiomyocytes, we utilized the *Kit-BAC-GFP* transgenic mice where GFP is used as a surrogate for Kit expression^[@bib15]^. We could observe GFP^+^ cardiomyocytes from the whole mount fluorescence view ([Figure 5A](#fig5){ref-type="fig"}). By dissociation of cardiac cells, we also detected GFP^+^ cardiomyocytes among isolated cardiomyocytes *in vitro* ([Figure 5B](#fig5){ref-type="fig"}). Immunostaining for GFP and TNNI3 on heart sections of *Kit-BAC-GFP* mice showed GFP^+^TNNI3^+^ cardiomyocytes, confirming the existence of Kit-expressing cardiomyocytes in the adult heart ([Figure 5C](#fig5){ref-type="fig"} and [5D](#fig5){ref-type="fig"}), which is in line with the observations in the neonatal mouse hearts reported previously by other groups^[@bib15],[@bib16]^.

To independently address whether Kit is expressed by adult cardiomyocytes, we performed immunostaining with KIT antibody on cardiomyocytes isolated from wild-type mice. We found a few TNNI3^+^ cardiomyocytes expressing weak but detectable Kit protein ([Figure 6A](#fig6){ref-type="fig"} and [6B](#fig6){ref-type="fig"}). To further validate whether the instant-chased RFP^+^ cardiomyocytes expressed Kit, we performed immunostaining for RFP and Kit with primary cardiomyocytes dissociated from the *Kit-CreER;Rosa26-RFP* mice that received one dose of tamoxifen. We found a few RFP^+^ cardiomyocytes expressing Kit ([Figure 6C](#fig6){ref-type="fig"}), indicating that the *Kit-CreER*-labeled cardiomyocytes is likely due to the *in situ* Kit expression by adult cardiomyocytes.

Discussion
==========

Recently, there is a heated debate over the proportion of cardiomyocytes differentiated from Kit^+^ CSCs after injury^[@bib7],[@bib9],[@bib10],[@bib12]^. The lineage tracing data based on our *Kit-CreER* model show that Kit^+^ cells contribute to as few as ∼ 0.035% cardiomyocytes of the entire heart during cardiac homeostasis and after injury, which is consistent with a recent report by Molkentin\'s group^[@bib9]^. In our study, we do not find any increase in differentiation of Kit^+^ cells to cardiomyocytes after injury. Intriguingly, we observe an increase in the population of Kit-derived endothelial cells and inflammatory cells in the injured heart. Our results in the short-term vs long-term lineage tracing experiments suggest that the majority of labeled cardiomyocytes are restricted at the stage shortly after tamoxifen treatment (short-term) rather than the result of differentiation of Kit^+^ CSCs afterwards (long-term). The instant tracing experiments identified Kit-expressing cardiomyocytes in the hearts, which surprisingly represented about 50%-70% of those labeled cardiomyocytes in the MI hearts. Our work presents a new explanation for Kit-derived cardiomyocytes in in-depth genetic lineage tracing studies.

Interpretation of results from lineage tracing studies largely relies on localization of Cre and the specificity of promoter-driven expression of Cre. The positive lineage tracing data in a previous report were interpreted as differentiation of non-cardiomyocyte Kit^+^ CSCs into cardiomyocytes^[@bib7]^. This was largely based on the assumption that Kit is not expressed by the pre-existing cardiomyocytes of the adult hearts. However, due to the lack of a good antibody for Cre detection in the heart, and the possible weak expression of Kit in cardiomyocytes, it is difficult to reach an unambiguous conclusion for Cre expression. The weak Cre expression, although difficult to detect, may catalyze Cre-LoxP recombination that leads to the binary readout of the reporter, e.g. RFP. Therefore, the argument of "negative" Kit expression in cardiomyocytes requires more careful examinations and any positive results from lineage tracing studies as such, require more cautious interpretation. Since the readout of fate mapping is binary and easy to detect, we take advantage of the *Kit-CreER* model for instant "pulse-and-chase" experiments to label possible Kit-expressing cardiomyocytes during the first 24 h. These labeled cells likely represent the pre-existing Kit-expressing cardiomyocytes, although confirmation by immunostaining for Cre is technically difficult to achieve. Most importantly, the number of RFP^+^ cardiomyocytes labeled by the instant-chasing approach represents more than half of the RFP^+^ cardiomyoytes in the MI hearts. Taking into account that the long-term lineage tracing experiments involve multiple injections of tamoxifen over the course of 5 weeks, the number of Kit-expressing cardiomyocytes in the short-term instant tracing (24-48 h) with a single-pulse tamoxifen injection could be underestimated. Therefore, it is likely that most, if not all, *Kit-CreER* labeled cardiomyocytes in the MI hearts are derived from pre-existing cardiomyocytes marked immediately after tamoxifen treatment.

Indeed, it has been reported that Kit is transiently expressed by cardiovascular progenitors during embryonic heart development. A subset of Nkx2-5^+^ cardiovascular progenitors also express Kit, and these Nkx2-5^+^Kit^+^ cardiovascular progenitors possess the capacity of long-term self-renewal and differentiation into both cardiomyocytes and smooth muscle cells *in vitro*^[@bib17]^. In another study, the Nkx2-5^+^Kit^+^ cells were reported to represent a multipotent precursor population that is capable of differentiating into the major cardiac lineages including endothelial cells, in addition to cardiomyocytes and smooth muscle cells^[@bib18]^. Similar to the embryonic stage, Kit expression identifies cardiovasular progenitors in the neonatal heart that could differentiate into cardiomyocytes and endothelial cells^[@bib15]^. These Kit^+^ progenitors support myogenesis in the neonatal heart following myocardial infarction; however, such a regenerative capacity is lost in the adult heart^[@bib19]^. Compared with the neonatal stage, Kit-expressing cardiomyocytes are rarely found in the adult heart^[@bib16]^. Therefore, consistent with previous work, our instant lineage tracing data show that only a small subset of cardiomyocytes (∼ 0.03%) express Kit in the adult heart. The reduction of Kit-expressing cardiomyocytes is coincident with the onset of terminal differentiation that happens from the neonatal to adult stage, indicating the possibility that expression of Kit could promote cardiac stem cell differentiation and regulate terminal differentiation^[@bib20]^. Whether expression of Kit in a subset of cardiomyocytes promotes de-differentiation and subsequent re-differentiation *in vivo* nevertheless warrants further investigation, as a recent *in vitro* study has demonstrated that Kit expression is significantly upregulated during the de-differentiation process^[@bib21]^.

In summary, our work does not support the interpretation that most of the labeled cardiomyocytes in lineage tracing are formed *de novo* by lineage conversion of Kit^+^ CSCs^[@bib7]^. Instead, we suggest that the majority of labeled cardiomyocytes are derived from pre-existing Kit-expressing cardiomyocytes immediately after tamoxifen induction.

Materials and Methods
=====================

Animals
-------

All animals were used according to the guidelines of Institutional Animal Care and Use Committee of the Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. *Kit-CreER, Rosa26-RFP* and *Kit-BAC-GFP* mice were reported previously^[@bib13],[@bib15],[@bib22]^. Tamoxifen (Sigma, T5648) was dissolved in corn oil (20 mg/ml) and administered by gavage at the indicated time points (0.1-0.15 mg tamoxifen/g mouse body weight) as described previously^[@bib13]^. Both male and female mice were used in our experiments and randomized into different treatment groups. The researchers were not blinded to mice of the tamoxifen untreated group, before operation group, sham and myocardial infarction groups.

Myocardial infarction
---------------------

Myocardial infarction was performed as described previously^[@bib23]^. Briefly, mice were anesthetized with isoflurane in an airtight chamber, and their chest hair was shaved afterwards. The chest was then disinfected with iodine and mice were placed on a heated pad in supine position. The mice were ventilated and anesthetized with trachea cannula, which was connected to a respiratory machine (Harvard Apparatus) and an anesthetic gas machine (Harvard Apparatus). The breathing of mice was maintained at about 120-140 breaths per min. An incision of ∼ 1 cm was made between the third and fourth ribs and left thoracotomy was made to expose the mouse heart. Left anterior descending (LAD) coronary artery was then ligated with a suture at the upper 1/3 location. The chest and skin were closed, and disinfected with iodine again. The respiratory machine was kept on to ventilate mice with oxygen until the mice woke up. We collected mouse hearts 3 to 7 weeks after myocardial infarction for analyses of the fate of Kit^+^ cells. In the sham operation group, same procedure was followed except ligation of the LAD coronary artery was omitted. All operation procedures were performed according to animal protocols.

Whole mount fluorescence microscopy
-----------------------------------

Collected mouse hearts were washed in PBS and placed on agar for the whole mount bright field and fluorescence imaging using the Zeiss (AxioZoom V16) or Leica stereo microscope (Leica M165 FC). To determine magnification of specific regions, we used the automated Z-stack images acquired by the Zeiss stereoscope (AxioZoom V16).

Immunostaining
--------------

Immunostaining was performed according to protocols described previously^[@bib24]^. Briefly, mouse hearts were collected at the indicated time points and fixed in 4% PFA for about 1 h at 4 °C. After three washes in PBS, the hearts were dehydrated in 30% sucrose overnight until they sank to the bottom. Following a 1h immersion in optimum cutting temperature (O.C.T., Sakura) at 4 °C, the hearts were embedded in blocks and frozen at −80 °C. Sections of 10 μm thickness were collected on slides and blocked in 5% PBSST (5% normal donkey serum in PBS with 0.1% triton X-100) for 30 min at room temperature. The slides were then incubated with primary antibodies at 4 °C overnight and protected from light. The primary antibodies and dilution are: TNNI3 (Abcam, ab56357, 1:200), RFP (Rockland, 600401379,1:1 000), PECAM (BD Pharmingen, 553370,1:500), Desmin (R&D, AF3844, 1:100) VE-cadherin (R&D, AF1002, 1:200), CD11b (BD Pharmingen, 550282, 1:100), FSP1 (Dako, A5114, 1:100), GFP (Invitrogen, A11122, 1:200). In the next day, slides were washed with PBS for three times and then incubated with secondary antibodies for about 30 min at room temperature in dark. After three washes in PBS, we used Alexa Fluor fluorescent antibodies (Invitrogen) for detection of the primary antibody. For weak signals, horseradish peroxidase-conjugated antibodies (Jackson ImmunoResearch) and tyramide signal amplification kit (PerkinElmer) were used to expose the signals as previously described^[@bib25]^. All slides were mounted with fluorescence-protecting mounting medium containing nuclei dye DAPI (Vector Lab). Images were taken by Olympus confocal microscopy system (FV1200) or Zeiss confocal microscopy system (LSM710). To provide Z-stack confocal images, we scanned 5-9 consecutive XY images on the *z* axis with confocal microscopy. The obtained images were analyzed by ImageJ (NIH) software. The images were merged using the Image color-merge channels function, and the stacks were performed using Z-projects and average intensity projection. In the stack, orthogonal view was performed to reveal the signals on the XZ and YZ axes. Merged signals and split channels are shown to delineate the signals at single cell resolution, as described previously^[@bib13]^.

Cardiomyocyte quantification
----------------------------

The whole heart was sectioned and mounted on 50 to 60 slides, with each containing 8-10 heart tissue sections. About 80-100 heart tissue sections representatively spanning each heart were stained with TNNI3, RFP and PECAM. The number of TNNI3^+^RFP^+^ cells was quantified under the Olympus fluorescence microscope (BX53). The total number of TNNI3^+^RFP^+^ cells from 80 to 100 heart tissue sections was divided by the total number of heart sections examined, obtaining the number of TNNI3^+^RFP^+^ cardiomyocytes per heart tissue section. For different groups, 4-6 hearts in each group were quantified for comparison.

Dissociated adult cardiomyocyte preparation
-------------------------------------------

Adult cardiomyocytes were isolated as described previously^[@bib14]^. Briefly, we injected *Kit-CreER;Rosa26-RFP* mice with 200 μl heparin (6.25 U/μl) intraperitoneally. Thirty minutes later, 10% chloral hydrate was injected intraperitoneally to anaesthetize mice. Dissected hearts were retrograde perfused with modified Tyrode\'s solution (MTS) for 30 to 60 min. The hearts were next perfused with MTS containing 250 U/ml collagenase type 2 (Worthington, LS004176) and 0.3 U/ml Protease XIV (Sigma, P5147) to dissociate heart tissues. Digested heart tissues were minced by forceps and filtered through 100 μm strainer. Isolated cells were centrifuged at 20× *g* for 2 min at 4 °C to allow most of the cardiomyocytes to be collected. The supernatant was collected and cell pellets that contained cardiomyocytes were re-suspended in MTS with 1% BSA for further analysis. Non-cardiomyocytes from supernatant were obtained by centrifuge at 500× *g* for 3 min at 4 °C.

Isolated cardiomyocyte staining
-------------------------------

Cardiomyocytes were isolated from C57/B6 mice or *Kit-CreER;Rosa26-RFP* mice as described above. After obtaining the cell pellet, the collected cardiomyocytes were incubated with increasing concentrations of calcium ion in four steps. In details, cells were re-suspended with 0.5 mg/ml BSA in CaCl~2~ (0.06 mM, 0.24 mM, 0.6 mM and 1.2 mM)-containing MTS. Each step took 4 min. Cells were next re-suspended in 1.2 mM calcium chloride/10% FBS-containing alpha-MEM (Invitrogen) and plated on laminin (Invitrogen)-coated coverslips (Fisher or NEST) in 24-well cell culture plate (Corning) for at least 4 h. After well attached to the coverslips, cells were fixed in 4% PFA for 15 min and then blocked in blocking buffer (5% normal donkey serum in PBS with 0.5% triton X-100) for 30 min at room temperature. Subsequently, cells were incubated with primary antibodies (c-kit, R&D, AF1356, 1:50; TNNI3, Santa Cruz, sc-15368, 1:100; RFP, Rockland, 600401379, 1:1 000) at 4 °C for 24 h and then gently washed in PBS. Alexa Fluor fluorescent secondary antibodies (Invitrogen) were used to detect the signals. Following wash out of the secondary antibodies, the coverslips were mounted with fluorescence-protecting mounting medium (Vector Lab) and images were taken on an Olympus confocal microscopy system (FV1200).

Bone marrow (BM) cells isolation and flow cytometry
---------------------------------------------------

Mouse hind limbs were collected and bisected by cutting through the knee joint. Muscle and connective tissues of both the femur and tibia were removed by scraping the diaphysis of the bone. After cleaning, bones were rinsed in ice-cold 70% ethanol for 10-15 min and washed in cold PBS for 5 min for three times. The femur and tibia were cut just at the end of the marrow cavity and the marrow was sluiced out by RPMI 1640 (Invitrogen) containing 10% FBS and 2 mM EDTA followed by filtering through 100 μm filter. Cells were centrifuged at 2 000× *g* for 10 min and red blood cells were lysed with RBC lysis buffer (Roche). Washed and collected cells from previous step were purified by 40%/80% percoll, and stained sequentially with Violet Dye and antibody cocktail for flow cytometry analysis. The antibody cocktail for different lineage markers included CD3e-PECy7 (eBioscience, 25-0031), CD19-PECy7 (eBioscience, 25-0193), CD11b-PECy7 (eBioscience, 25-0112), Ly6G-PECy7 (eBioscience, 25-5931), Ter119-PECy7 (eBioscience, 25-5921). The cells were stained spontaneously with an antibody against Kit/CD117-APC (eBioscience, 17-1171, 1:200).

Flow cytometry
--------------

Dissociated cardiomyocytes were first stained with the LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Life Technology, L34955) according to the manufacturer\'s instruction. 500 μl isolation buffer (2 mM EDTA and 0.5% BSA in PBS) was added to wash the cells, followed by centrifugation for 3 min at 20× *g*. These cardiomyocytes were subsequently stained with antibody mixture (Lin) containing CD3e PE-Cy7 (eBioscience, 25-0031), CD19 PE-Cy7 (eBioscience, 25-0193), CD11b PE-Cy7 (eBioscience, 25-0112), CD11c PE-Cy7 (eBioscience, 25-0114), Ly-6G (Gr-1) PE-Cy7 (eBioscience, 25-5931), Ter-119 PE-Cy7 (eBioscience, 25-5921) at a dilution of 1:200 for 30 min at 4 °C. Finally, the cells were re-suspended in 500 μl isolation buffer. The stained cells were analyzed using a FACS Aria II Flow Cytometer (BD Bioscience), and the raw data processed by Flowjo (TreeStar) according to protocols described previously^[@bib13]^.

Statistical analysis
--------------------

All data were obtained from four to six independent experiments as indicated in each figure legend and are presented as mean values ± SEM. All mice were randomly assigned to different experimental groups. Statistical comparisons between datasets were made with analysis of normality and variance. A two-sided unpaired Student\'s *t*-test was used for comparing differences between two groups, and ANOVA test was used for comparing differences between three or more groups. The null hypothesis was rejected if *P* was \< 0.05.
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![The fate of Kit^+^ cells in heart homeostasis. **(A)** *Kit-CreER* mice were crossed with *Rosa26-RFP* mice for lineage tracing. **(B)** A schematic of tamoxifen induction and analysis. **(C)** Whole mount bright field and fluorescence view of *Kit-CreER;Rosa26-RFP* hearts with or without tamoxifen (Tam or No Tam). Arrow indicates RFP^+^ cardiomyocyte. **(D**-**F)** Immunostaining for RFP, TNNI3 and PECAM on *Kit-CreER;Rosa26-RFP* heart sections. **(G**, **H)** Z-stack confocal images including XZ scanned sections showing RFP^+^TNNI3^+^ cells (arrows, **G**) and RFP^+^PECAM^+^ cells (arrowheads, **H**). **(I)** Image of cells dissociated from hearts of *Kit-CreER;Rosa26-RFP* mice. Arrow indicates a rare RFP^+^ cardiomyocyte. **(J)** Quantification of RFP^+^ cardiomyocytes by flow cytometry. Events in images are gated on live and lineage-negative cardiomyocytes. *n* = 4. Scale bars represent 1 mm in **C**, 100 μm in **D**-**I**.](cr2015143f1){#fig1}

![The fate of Kit^+^ cells after MI. **(A)** A schematic of tamoxifen induction, MI and analysis. **(B)** Whole mount fluorescence view of sham or MI hearts with or without tamoxifen treatment (Tam or No Tam). Inserts are the same hearts in bright field. **(C)** Immunostaining for RFP, TNNI3 and PECAM on *Kit-CreER;Rosa26-RFP* heart sections (Sham, Tam). *Kit-CreER* labels cardiomyocytes (RFP^+^TNNI3^+^, arrow) or endothelial cells (RFP^+^PECAM^+^, arrowheads). **(D**, **E)** Immunostaining for RFP, TNNI3 and PECAM on heart sections after MI. *Kit-CreER* labels cardiomyocytes (RFP^+^TNNI3^+^, arrow) or endothelial cells (RFP^+^PECAM^+^, arrowheads) in both infarcted **(D)** and border regions **(E)**. Z-stack images were taken for all magnified regions. XZ scanned images are shown by merge and split channels. 1, 2, 3 are magnified images of cells indicated by arrows or arrowheads. **(F)** Images of cells dissociated from MI hearts of *Kit-CreER;Rosa26-RFP* mice. Arrow indicates a rare RFP^+^ cardiomyocyte. **(G)** Quantification of the percentage of RFP^+^ cardiomyocytes in MI hearts by flow cytometry. *n* = 4. Scale bars, 1 mm in **B**; 100 μm in **C**-**F**.](cr2015143f2){#fig2}

![Quantification of *Kit-CreER*-labeled cardiomyocytes before and after MI. **(A)** Flow cytometric analysis of RFP^+^ cardiomyocytes isolated from *Kit-CreER;Rosa26-RFP* mouse hearts. **(B)** Quantification of the percentage of RFP^+^ cardiomyocytes labeled by *Kit-CreER*. *n* = 4; NS, non-significant. **(C)** Whole mount bright field and fluorescence view of *Kit-CreER;Rosa26-RFP* mouse heart. Arrows indicate RFP^+^ cardiomyocytes. **(D)** Immunostaining for RFP, TNNI3 and PECAM in heart sections reveals RFP^+^ cardiomyocyte (arrow) and endothelial cells (arrowheads). LV, left ventricle. **(E)** Image of cells dissociated from *Kit-CreER;Rosa26-RFP* mouse hearts (*n* = 3 hearts analyzed). Arrow indicates a RFP^+^ cardiomyocyte. Scale bars, 1 mm in **C**, 100 μm in **D** and **E**.](cr2015143f3){#fig3}

![Instant lineage tracing reveals Kit-expressing cardiomyocytes. **(A)** Z-stack confocal images showing RFP and TNNI3 in heart sections from *Kit-CreER;Rosa26-RFP* mice at 48 h after tamoxifen injection. **(B)** Immunostaining for RFP and TNNI3 in heart sections from mice collected 24 h after tamoxifen injection. **(C)** Images of heart cells isolated from mice at 24 h after tamoxifen injection. Arrow indicates the RFP^+^ cardiomyocyte. **(D)** Quantification of RFP^+^ cardiomyocytes (CM) per heart sections in instant lineage tracing heart samples (24-48 h after tamoxifen treatment) versus hearts after MI (5 weeks after tamoxifen treatment). For each heart, 80 to 100 slides were examined for quantification, and 4-6 hearts from each group were analyzed. **(E)** Quantification of the percentage of RFP^+^ cardiomyocytes by flow cytometry. *n* = 4. Scale bar, 100 μm.](cr2015143f4){#fig4}

![Kit is *in situ* expressed by cardiomyocytes in the adult heart. **(A)** Whole mount fluorescence view of the adult *Kit-BAC-GFP* heart. Boxed regions are magnified in right panels. GFP is a surrogate for Kit. **(B)** Image of isolated cells from the adult *Kit-BAC-GFP* heart shows Kit^+^ cardiomyocytes. **(C)** Immunostaining for GFP and TNNI3 on heart sections of *Kit-BAC-GFP* mice. **(D)** Z-stack confocal images along the XZ and YZ axes. 1 and 2 denote two Kit^+^ cardiomyocytes (arrows). Images are representatives of three individual samples. Scale bars, 1 mm in **A** and **B**, 100 μm in **C** and **D**.](cr2015143f5){#fig5}

![Kit is expressed by cardiomyocytes. **(A)** Immunostaining for Kit and TNNI3 on cardiomyocytes isolated from wild type heart. **(B)** Averaged intensity from projection of 9 optical sections; YZ sections (from dotted lines) are also shown. Arrowhead indicates Kit^+^ cardiomyocyte. **(C)** Immunostaining for RFP and Kit on cardiomyocytes isolated from *Kit-CreER;Rosa26-RFP* mice treated with tamoxifen. Averaged intensity from projection of 9 optical sections; XZ and YZ sections (from dotted lines) are also shown. Scale bar, 100 μm.](cr2015143f6){#fig6}
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